We have carried out a detailed analysis of the intrinsic connectivity of the Macaca fascicularis monkey hippocampal formation. Here we report findings on the topographical organization of the major connections of the dentate gyrus. Localized anterograde tracer injections were made at various rostrocaudal levels of the dentate gyrus, and we investigated the three-dimensional organization of the mossy fibers, the associational projection, and the local projections. The mossy fibers travel throughout the transverse extent of CA3 at the level of the cells of origin. Once the mossy fibers reach the distal portion of CA3, they change course and travel for 3-5 mm rostrally. The associational projection, originating from cells in the polymorphic layer, terminates in the inner one-third of the molecular layer. The associational projection, though modest at the level of origin, travels both rostrally and caudally from the injection site for as much as 80% of the rostrocaudal extent of the dentate gyrus. The caudally directed projection is typically more extensive and denser than the rostrally directed projection. Cells in the polymorphic layer originate local projections that terminate in the outer two-thirds of the molecular layer. These projections are densest at the level of the cells of origin but also extend several millimeters rostrocaudally. Overall, the topographic organization of the intrinsic connections of the monkey dentate gyrus is largely similar to that of the rat. Such extensive longitudinal connections have the potential for integrating information across much of the rostrocaudal extent of the dentate gyrus.
processing task with the information that it receives from the entorhinal cortex and ultimately conveys to CA3. However, the neuroanatomical organization of the major connections of the primate dentate gyrus, namely, the mossy fibers, the associational projection, and the local projections, has undergone relatively meager investigation (Rosene and Van Hoesen, 1977) . Without such information, it is impossible to evaluate whether the fundamental principles of neuroanatomical organization are conserved between species or whether functional information derived from rodent studies can be applied or even extrapolated to monkeys or humans.
Previous studies have provided a thorough description of the neuroanatomical organization of the mossy fibers, associational projections, and local projection of the dentate gyrus in the rat (Blackstad et al., 1970; Zimmer, 1971; Fricke and Cowan, 1978; Gaarskjaer, 1978 Gaarskjaer, , 1981 Swanson et al., 1978; Laurberg and Sorensen, 1981; Bakst et al., 1986; Claiborne et al., 1986; Amaral and Witter, 1989; Buckmaster and Schwartzkroin, 1995; Buckmaster et al., 1996) . The granule cells of the dentate gyrus give rise to mossy fibers that terminate on a number of neuronal types both within the polymorphic layer of the dentate gyrus and within the CA3 field of the hippocampus. Mossy fibers terminate with specialized large presynaptic terminals on the proximal dendrites of mossy cells in the polymorphic layer and on the proximal dendrites of the pyramidal cells of the CA3 region of the hippocampus (Blackstad et al., 1970; Amaral, 1978 Amaral, , 1979 Gaarskjaer, 1978 Gaarskjaer, , 1981 Amaral and Dent, 1981; Ribak et al., 1985; Claiborne et al., 1986; Frotscher et al., 1991; Acsady et al., 1998) . Mossy fibers also have thinner collaterals that give rise to typically sized presynaptic boutons, and these terminate preferentially on ␥-aminobutyric acid (GABA)-ergic neurons in the polymorphic layer and CA3 region (Amaral, 1978; Frotscher, 1989; Acsady et al., 1998; Seress et al., 2001 ). The mossy fibers innervate substantially greater numbers of inhibitory than excitatory cells in both the polymorphic layer and CA3 (Acsady et al., 1998; Seress et al., 2001 ). The mossy fibers are thought to use glutamate as a primary transmitter (Storm-Mathisen and Fonnum, 1972) , although they colocalize GABA (Sandler and Smith, 1991) and a number of peptides, including dynorphin (Gall, 1984; van Daal et al., 1989) .
In the rat, mossy fibers run transversely at approximately the same septotemporal level as the cells of origin and forms the stratum lucidum located superficially to the pyramidal cell layer (Gaarskjaer, 1978; Swanson et al., 1978; Claiborne et al., 1986) . In the proximal portion of CA3, additional fibers run both below (infrapyramidal bundle) and within (intrapyramidal bundle) the pyramidal cell layer. At the distal part of CA3, the mossy fibers make an abrupt turn temporally and travel parallel to the long axis of the hippocampus (Gaarskjaer, 1978 (Gaarskjaer, , 1981 Swanson et al., 1978; Amaral and Witter, 1989; Buckmaster et al., 2002) . Swanson et al. (1978) reported that the mossy fibers arising from granule cells located at septal levels travel for approximately 2 mm in the temporal direction (approximately 20% of the full septotemporal length of the rat hippocampus), whereas they found a shorter longitudinal component from granule cells located at more temporal levels of the dentate gyrus. In contrast, Gaarskjaer (1978) observed the same amount of temporally directed mossy fiber projection regardless of the septotemporal level of the injection site.
The associational projection, which originates mainly from the mossy cells in the polymorphic layer of the dentate gyrus, terminates in the inner one-third of the molecular layer of the dentate gyrus (Zimmer, 1971; Amaral, 1978; Fricke and Cowan, 1978; Swanson et al., 1978; Laurberg, 1979; Laurberg and Sorensen, 1981; Amaral and Witter, 1989; Buckmaster et al., 1992 Buckmaster et al., , 1996 BlascoIbanez and Freund, 1997; Buckmaster and Amaral, 2001; Seress et al., 2008) . The mossy cells receive asymmetric synaptic contacts from the mossy fibers of the granule cells (Amaral, 1978; Ribak et al., 1985; Frotscher et al., 1991; Blasco-Ibanez and Freund, 1997) . Thus, the associational projection constitutes an excitatory feedback circuit with the granule cells. Several studies have demonstrated that the associational projection is distributed widely, both temporally and septally, from the cells of origin (Fricke and Cowan, 1978; Swanson et al., 1978; Amaral and Witter, 1989; Buckmaster et al., 1996) . In rats, the associational projection is part of a collateral system of fibers that also contributes a contralaterally directed commissural projection that terminates in the same portion of the molecular layer (Blackstad, 1956; Hjorth-Simonsen and Laurberg, 1977; Laurberg, 1979; Laurberg and Sorensen, 1981; Swanson et al., 1981) . Amaral and Witter (1989) found that the associational projection from midseptotemporal levels travels for approximately 7 mm septotemporally (that is, for about 70% of the length of the rat hippocampus). They also reported that the associational projection is either not present or very weak at the level of the injection site. The projection begins to innervate the molecular layer at a distance of approximately 1 mm away from the injection site, and the heaviest terminal labeling occurs as much as 2-3 mm from the first indication of the projection. Injections into the septal one-third of the rat dentate gyrus reveal extensive projections throughout the septal half of the dentate gyrus. Injections into midseptotemporal levels result in labeling throughout the septal two-thirds of the dentate gyrus (Fricke and Cowan, 1978; Swanson et al., 1978) . The associational projection arising from temporal portions of the dentate gyrus, however, is confined to the temporal one-third (Zimmer, 1971; Fricke and Cowan, 1978; Swanson et al., 1978) .
Beyond the mossy fiber and associational connections, a population of polymorphic layer cells, some of which colocalize GABA and somatostatin, give rise to projections to the outer molecular layer (Bakst et al., 1986; Amaral and Witter, 1989; Leranth et al., 1990; Buckmaster and Schwartzkroin, 1995; Katona et al., 1999; Buckmaster et al., 2002) . These projections are heaviest at the level of the cells of origin Buckmaster and Schwartzkroin, 1995) . The term local connection for these projections is somewhat of a misnomer, insofar as it has been demonstrated in rodents that some of the interneurons that give rise to the local projection in the outer molecular layer have axons that extend for up to half of the total septotemporal length of the dentate gyrus (Buckmaster and Schwartzkroin, 1995; Buckmaster et al., 2002) . The somatostatin/GABA cells receive excitatory inputs from the granule cells and send inhibitory projections back to the dendrites of the granule cells (Leranth et al., 1990; Katona et al., 1999) . Thus, in rats, the local projections constitute mainly an inhibitory feedback circuit with the granule cells.
There are only a few published studies of these connections in the monkey dentate gyrus Van Hoesen, 1977, 1987; Buckmaster and Amaral, 2001 ). Rosene and Van Hoesen used 3 H-amino acid autoradiography to demonstrate that the dentate gyrus gives rise to projections to the CA3 region of the hippocampus Van Hoesen, 1977, 1987) and to its own inner molecular layer (Rosene and Van Hoesen, 1987) . Buckmaster and Amaral (2001) , using an intracellular labeling method, demonstrated that mossy cells in the monkey dentate gyrus send axonal projections to the inner molecular layer and that interneurons located in the polymorphic layer project to the outer molecular layer. However, the question remains whether the major principles of the topographical organization observed for the connections of the rat dentate gyrus can be applied to the primate brain . We analyzed the intrinsic connectivity of the macaque monkey hippocampal formation using the discrete anterograde tracers Phaseolus vulgarisleucoagglutinin (PHA-L) and biotinylated dextran amine (BDA) as well as the retrograde tracer cholera toxin B subunit (CTB). In this first report, we describe the topographical organization of the major connections of the macaque monkey dentate gyrus, namely, the mossy fibers, the associational projection, and the local projections.
MATERIALS AND METHODS Surgery
All surgical and experimental procedures were approved by the UC Davis Animal Care and Use Committee and conform to NIH guidelines. Nineteen Macaca fascicularis monkeys of either sex, between 4 and 18 years of age and weighing 3-8 kg at the time of surgery, were used in these studies.
For all monkeys that underwent surgery between 2001 and 2003, magnetic resonance imaging (MRI) scans were performed prior to surgery to define the surgical coordinates for tracer injections. Monkeys were anesthetized with ketamine hydrochloride (15 mg/kg i.m.) and medetomidine (30 g/kg) and placed in an MRI-compatible stereotaxic apparatus (Crist Instruments Co., Damascus, MD). Brain images were acquired on a General Electric 1.5-T Gyroscan magnet; 1.00-mm-thick sections were taken using a T1-weighted inversion recovery pulse sequence (TR ϭ 21, TE ϭ 7.9, NEX 4, FOV ϭ 16 cm, matrix 256 ϫ 256). The MRI images were analyzed, and a stereotaxic atlas was prepared to determine the coordinates for injection of the neuroanatomical tracers. For all monkeys that underwent surgery in 1992-1993, the standard atlas of Szabo and Cowan (1984) was used to determine the coordinates for injection of the neuroanatomical tracers.
For surgery, animals were preanesthetized with ketamine hydrochloride (8 mg/kg i.m.), intubated with a tracheal cannula, and mounted in a stereotaxic apparatus. The animals were then placed on a mechanical ventilator with which a surgical level of anesthesia was maintained with a combination of isoflurane (1%) and intravenous infusion of fentanyl (7-10 g/kg/hour), or isoflurane alone (1-3% as needed) for cases in 2001-2003 and with isoflurane (1%) alone for cases in 1992-1993. With sterile procedures, the skull was exposed, and a small hole was made at a site appropriate for the injection. Electrophysiological recordings were performed to confirm the appropriate dorsoventral coordinate for placement of the injection. Neuroanatomical tracers were iontophoretically injected (see below). After the last injection, the wound was sutured in three layers, and the animal recovered from anesthesia. Analgesics (0.15 mg/kg oxymorphone given three times daily or 0.02 mg/kg buprenorphine twice daily) were administered immediately postsurgically. A prophylactic regime of antibiotics (20 mg/kg Cefazolin three times daily) was also administered during the first 5 days of the survival period.
Neuroanatomical tracer injections
Each monkey received up to two different, discrete, anterograde tracer injections of PHA-L (Vector Laboratories, Burlingame, CA; 2.5% solution in 0.1 M PO 4 buffer, pH 7.4; N ϭ 7) or BDA (Molecular Probes, Eugene, OR; 10% solution in 0.1 M PO 4 buffer, pH 7.4; N ϭ 7) into various rostrocaudal and transverse portions of the dentate gyrus (one on each side of the brain), and some monkeys received injections of the retrograde tracer CTB (Molecular Probes; 20% solution in 0.1 M PO 4 buffer, pH 7.2). We had previously determined that projections arising from the dentate gyrus and hippocampus in the monkey were ipsilateral, except in their most rostral portion (Amaral et al., 1984) . All tracer substances were iontophoretically injected (30 -45-minute injections with 5 Amp DC pulses; 7 seconds on, 7 seconds off) through glass micropipettes (20 -30-m tips). After injection of the tracer, the pipette was withdrawn in three stages to minimize leakage along the pipette tract. First, it was left at the injection site for 1 minute, then raised 100 m and left there for 5 minutes. Finally, the pipette was slowly withdrawn from the brain at a rate of about 2 mm/minute. Animals survived for 14 days, were deeply anesthetized with sodium pentobarbital (50 mg/kg i.v.; Fatal-Plus; Vortech Pharmaceuticals, Dearborn, MI), and perfused transcardially with ice-cold 1% and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were postfixed for 6 hours in the same fixative, cryoprotected in 10% and 20% glycerol solutions in 0.1 M phosphate buffer (pH 7.4; for 24 and 72 hours, respectively), rapidly frozen in isopentane, and stored at -70°C until sectioning. Sections were cut at 30 m on a freezing, sliding microtome and processed for the visualization of the tracer substances.
Tissue processing
Free-floating sections were processed with constant agitation, at room temperature (unless specified otherwise), for the detection of the transported substance (Lavenex et al., 2004) . Immunohistochemistry for PHA-L and CTB was carried out as follows. Sections were rinsed for 3 ϫ 10 minutes in 0.02 M KPBS (pH 7.4), incubated for 15 minutes in 0.5% H 2 O 2 , washed for 6 ϫ 5 minutes in 0.02 M KPBS, and incubated for 4 hours in a blocking solution made of 0.5% Triton X-100 (TX-100; Fisher Scientific, Fair Lawn, NJ), 5% normal goat serum (NGS; Chemicon, Temecula, CA) in 0.02 M KPBS. Sections were then incubated for 40 hours at 4°C in a solution containing a primary antibody against the tracer substance (rabbit anti-PHA-L at 1:12,000 from Vector Laboratories, rabbit anti-CTB at 1:2,500 from Fitzgerald in 0.3% TX-100, 2% NGS in 0.02 M KPBS). The procedure for visualizing calretininpositive fibers and cell bodies was carried out on freefloating sections using a mouse anticalretinin monoclonal antibody (SWant, Bellinzona, Switzerland; catalog No. 6B3, lot No. 010399) . This antibody was raised in mouse by immunization with recombinant human calretinin-22k. Calretinin-22k is an alternative splice product of the calretinin gene and is identical to calretinin up to Arg178. After fusion, hybridoma cells were screened with human recombinant calretinin as target, the clone 6B3 was selected, and ascites was produced. The antibody 6B3 recognizes an epitope within the first four EF-hands domains common to both calretinin and calretinin-22k. This antibody does not cross-react with calbindin-D28K or other known calcium-binding proteins, as determined by immunoblots (SWant).
After incubation in primary antiserum, sections were washed for 3 ϫ 10 minutes in 0.02 M KPBS containing 2% NGS and incubated for 1 hour in a solution containing a biotinylated secondary antibody against rabbit (goat antirabbit IgG at 1:227 from Vector Laboratories in 0.3% TX-100, 2% NGS in 0.02 M KPBS). Sections were rinsed for 3 ϫ 10 minutes in 0.02 M KPBS containing 2% NGS and incubated for 45 minutes in a solution containing an avidin-biotin complex (Biomeda Biostain Super ABC Kit; Biomeda, Foster City, CA; in 0.02 M KPBS). Sections were then rinsed for 3 ϫ 10 minutes in 0.02 M KPBS containing 2% NGS and incubated for another 45 minutes in the solution containing the biotinylated secondary antibody (goat anti-rabbit IgG at 1:227 with 0.3% TX-100, 2% NGS in 0.02 M KPBS). Sections were next rinsed for 3 ϫ 10 minutes in 0.02 M KPBS (with no NGS) and incubated for another 30 minutes in the solution containing the avidinbiotin complex. Sections were then rinsed for 3 ϫ 10 minutes in 50 mM Tris buffer (pH 7.4) and incubated for 45 minutes in a DAB-peroxidase solution containing 0.05% DAB (0.5 mg/ml of 3,3Ј-diaminobenzidine; Fisher Scientific) and 0.04% H 2 O 2 in Tris buffer. Finally, sections were rinsed for 2 ϫ 10 minutes in Tris buffer and for 1 ϫ 10 minutes in 0.02 M KPBS, mounted on gelatin-coated slides, and dried at 37°C overnight. The mounted sections were then processed for intensification of the DAB reaction product. Sections were defatted for 2 ϫ 2 hours in a mixture of ethanol-chloroform (50:50, v/v) , hydrated through a graded series of ethanol solutions (2 minutes each in 100%, 100%, 95%, 70%, 50% EtOH), and rinsed in running dH 2 O for 10 minutes. Sections were incubated for 40 minutes in a 1% silver nitrate solution at 56°C (protected from light) and rinsed in running dH 2 O for 10 minutes (protected from light). Sections were then incubated for 10 minutes in 0.2% gold chloride at room temperature and rinsed in running dH 2 O for 10 minutes (protected from light). Sections were stabilized in 5% sodium thiosulfate at room temperature for 15 minutes (protected from light) and rinsed in running dH 2 O for 10 minutes. Finally, sections were dehydrated through a graded series of ethanol solutions (4 minutes each in 50%, 70%, 95%, 100%, 100% EtOH) and cleared with xylene (3 ϫ 4 minutes in 100% xylene) and the slides coverslipped with DPX (BDH Laboratory Supplies, Poole, United Kingdom).
BDA processing was as follows. Sections were rinsed for 3 ϫ 10 minutes in 0.02 M KPBS, incubated for 15 minutes in 0.5% H 2 O 2 , washed for 6 ϫ 5 minutes in 0.02 M KPBS, and incubated for 1 hour in a solution comprised of 1% Triton X-100 (TX-100; Fisher Scientific) in 0.02 M KPBS. Sections were then incubated overnight at 4°C in a solution made up of an avidin-biotin complex (Biomeda Biostain Super ABC Kit), with 0.3% TX-100 in 0.02 M KPBS. Sections were rinsed for 3 ϫ 10 minutes in 50 mM Tris buffer and incubated for 45 minutes in a DAB-peroxidase solution containing 0.05% DAB, 0.015% H 2 O 2 in Tris buffer. Sections were then rinsed for 2 ϫ 10 minutes in Tris buffer and for 1 ϫ 10 minutes in 0.02 M KPBS, mounted on gelatin-coated slides, and placed to dry at 37°C overnight. The mounted sections were then processed for intensification of the DAB reaction product and coverslipped as described previously.
Data analysis
The distribution of anterogradely labeled fibers through the entire rostrocaudal extent of the dentate gyrus and hippocampus was analyzed using darkfield optics. To represent the gradients of fiber termination in the dentate gyrus and CA3, low-magnification photomicrographs were taken of representative sections for each case. Photomicrographs were taken with a Leitz DMRD microscope. Plotting of retrogradely labeled cells for CTB was done using the Neurolucida computer-aided microscope system (MicroBrightField, Colchester, VT). We estimated the lengths of the mossy fibers, associational projection, and local projections along the rostrocaudal axis by multiplying the number of coronal sections in which labeling was observed by the distance between sections. We measured the length of the mossy fibers at the level of the genu of the hippocampus on two-dimensional reconstructions of fiber trajectories. To describe the locations of the injection sites more precisely, we calculated the ratio of the distance from the rostral edge of the dentate gyrus to the center of the injection site divided by the full rostrocaudal distance of the dentate gyrus. An AP ratio less than 0.33 indicates an injection site located in the rostral one-third of the dentate gyrus. An AP ratio between 0.33 and 0.66 indicates an injection site located in the middle one-third, whereas an AP ratio larger than 0.66 indicates an injection site located in the caudal one-third of the dentate gyrus.
RESULTS

Cytoarchitecture of the dentate gyrus
The nomenclature and cytoarchitectonic subdivisions of the monkey hippocampal formation have been described previously (Amaral et al., 1984; Pitkanen and Amaral, 1993; . The major subdivisions of the monkey hippocampal formation are indicated in a representative Nissl-stained coronal section at a midrostrocaudal level in Figure 1 .
The dentate gyrus comprises three layers: a cell-dense granule cell layer, a relatively cell-free molecular layer that lies superficial to the granule cell layer and is bounded by the hippocampal fissure or ventricle, and a narrow polymorphic layer located subjacent to the granule cell layer (Fig. 2) . In monkeys, it is difficult to differentiate the diffusely organized cells of the polymorphic layer from the nearly as diffuse hilar portion of the CA3 field of the hippocampus in Nissl-stained preparations ( Fig. 2A) . Calretinin immunoreactivity is an excellent marker of the polymorphic layer and distinguishes it from the proximal portion of the CA3 field (Fig. 2B) . We use the term rostrocaudal axis to refer to the longitudinal axis of the hippocampal formation. The axis orthogonal to the rostrocaudal axis is called the transverse axis. The portion of CA3 located closest to the dentate gyrus is called proximal and that closer to CA2 is called distal. We use the term superficial to mean toward the hippocampal fissure or ventricle and the term deep to indicate the opposite direction (Amaral and .
We call the most medial portion of the rostral hippocampal formation the uncus or uncal portion. The flexed, rostrally located portion that runs mediolaterally is called the genu, and the laterally situated, main portion of the hippocampus is called the body. We refer to the portion of the dentate gyrus that lies adjacent to the hippocampal fissure as the suprapyramidal blade and the opposite blade as the infrapyramidal blade; the connecting portion is referred to as the crest. Figure 3 presents the maximal extent of the 20 anterograde tracer injections analyzed in this study. Regardless of whether the injection was on the left or right side of the brain, it is depicted on sections drawn from the left dentate gyrus.
Description of the injection sites
Seven anterograde tracer injections involved the uncus, genu, and the rostral one-third of the body of the hippocampus. In most cases, the injection involved all layers of the dentate gyrus. M-13-92 (PHA-L) involved the molecular layer of the dentate gyrus as well as CA1. M-03-02-L (PHA-L) was located in the molecular layer and also involved the adjacent stratum lacunosum-moleculare of CA3. M-03-02-R (BDA) was located medially in the uncal portion of the dentate gyrus. This was the most "rostral" injection into the dentate gyrus. M-02-02 (PHA-L) was located at the transition between the genu and the rostral body of the dentate gyrus. M-05-92 (PHA-L) was located in the suprapyramidal blade of the dentate gyrus. This injection also involved the distal dendrites of CA1 pyramidal neurons in the stratum lacunosum-moleculare. M-12-92 (PHA-L) was confined to the suprapyramidal blade of the dentate gyrus. M-11-92 (PHA-L) also involved the suprapyramidal blade.
There were nine anterograde tracer injections that involved the midrostrocaudal one-third of the dentate gyrus. M-09-93 (BDA) was located in the infrapyramidal blade of the dentate gyrus. The injection also involved the hilar portion of CA3. M-11-92-R (PHA-L) was at the tip of the suprapyramidal blade of the dentate gyrus and involved the superficial layers of proximal CA3 and strata radiatum and lacunosum-moleculare. M-10-93 (BDA) involved the crest of the dentate gyrus and underlying hilar CA3. M-01-92 (PHA-L) involved the crest of the dentate gyrus. M-09-92 (PHA-L) also involved the crest of the dentate gyrus. M-27-92 (PHA-L) involved the tip of the suprapyramidal blade of the dentate gyrus, as did M-09-03-L (PHA-L). M-02-92 (PHA-L) was slightly caudal to the pre- Fig. 1 . Brightfield photomicrograph of a Nissl-stained coronal section at midrostrocaudal level through the Macaca fascicularis monkey hippocampal formation, illustrating the position of the dentate gyrus relative to the other fields of the hippocampal formation. DG, dentate gyrus; CA3, CA2, CA1, fields of the hippocampus; S, subiculum; PrS, presubiculum. Scale bar ϭ 1 mm. Fig. 2 . Photomicrographs of a coronal section through the rostral portion of the Macaca fascicularis monkey dentate gyrus. A: Nisslstained section. B: Adjacent section stained for calretinin immunoreactivity. The dentate gyrus comprises three layers, including the molecular layer (ml), the granule cell layer (gcl), and the polymorphic layer (pl) or hilus. Note that calretinin immunoreactivity is dense in the polymorphic layer and thus helps define the boundary with the CA3 field of the hippocampus. Calretinin staining is also dense in the inner one-third of the molecular layer, where the associational projections terminate. Scale bar ϭ 0.5 mm. vious two injections but also involved the suprapyramidal blade of the dentate gyrus and the pyramidal cell layer and the stratum radiatum of proximal CA3. M-04-01 (PHA-L) was also confined to the suprapyramidal blade of the dentate gyrus. There were four anterograde tracer injections in the caudal one-third of the dentate gyrus. M-09-03-R (BDA) involved the suprapyramidal blade of the dentate gyrus and the stratum radiatum and pyramidal cell layer of CA3. M-10-02 (BDA) was quite large and involved the suprapyramidal blade of the dentate gyrus, strata radiatum and lacunosum-moleculare, and pyramidal cell layer of CA3. M-07-03 (BDA) involved the suprapyramidal blade of the dentate gyrus. M-04-02 (BDA) was at the same level as M-07-03 but involved the infrapyramidal blade of the dentate gyrus.
In addition to the anterograde tracer injections, there were also five cases in which the retrograde tracer CTB was injected. These injections involved the dentate gyrus at various rostrocaudal levels. These experiments were analyzed to identify the cell bodies of origin for the various projections that we discuss.
Mossy fibers
The morphology of the monkey mossy fibers (Fig. 4 ) appeared similar to that seen in rats (Claiborne et al., 1986) . The main mossy fiber axon had a diameter of approximately 0.6 m. Large "mossy fiber expansions" were periodically seen along the length of the mossy fibers. These presynaptic profiles were irregularly shaped and varied in size, but the larger of the expansions were on the order of 3-5 m in cross-sectional diameter. These large expansions gave rise to several filipodial extensions that also had varicosities along their extents (Fig. 4B) . The mossy fibers also gave rise to thinner collaterals that either had spherical varicosities or terminated with a small mossy fiber expansion and produced a dense plexus within the polymorphic layer of the dentate gyrus.
The general pattern of mossy fiber projections was consistent across all experimental cases. The mossy fibers traveled mainly within the CA3 pyramidal cell layer (Fig. 5) , with a slight rostral inclination (Figs. 6, 7) . Axons of the mossy fibers extended throughout the full transverse extent of the CA3 field (Fig. 5) . Once the mossy fibers reached the distal portion of CA3, they changed direction and extended toward the rostral pole of the hippocampus (Figs. 6, 7) . The fibers took this course in the stratum lucidum just superficial to the CA3 pyramidal cell layer in what has been called the "end bulb" in nonprimate species . Regardless of the rostrocaudal or transverse location of the injection sites, the mossy fibers were found to travel for 3-5 mm rostrally (Table 1) .
Case M-04-01 (Fig. 6 ) is representative of injections at midrostrocaudal level of the dentate gyrus ( Fig. 3D-F) . In this case, labeled mossy fibers were distributed in the polymorphic layer (Fig. 6E ) and continued transversely within the pyramidal cell layer to the distal tip of CA3 (Fig. 6D,E) . The transversely oriented bundles of labeled mossy fibers were about 2.7 mm in length (Table 1) . The mossy fibers appeared to be completely interdigitated with the CA3 pyramidal cells that form the most proximal or hilar portion of the CA3 region. As the fibers exited the hilar region, they were located below, within, and above the pyramidal cell layer (Figs. 5, 6D ). There were no clearly defined suprapyramidal, intrapyramidal, and infrapyramidal bundles as in the rodent brain. Fibers that were initially located deep to the pyramidal cell layer ascended through the pyramidal cell layer and traveled to the distal portion of CA3 in a position superficial to the pyramidal cell layer. After the fibers completed their transverse trajectory, they turned and continued in the end bulb region (Fig. 6B,C) , where they extended rostrally for 5.3 mm, or approximately 40% of the full rostrocaudal extent of the hippocampus. It is important to point out that mossy fiber expansions were evident on the fibers through the entire rostrocaudal extent of the end bulb projection. This would suggest that these mossy fibers formed synapses with pyramidal neurons located in the distal portion of CA3. In other words, although pyramidal cells through the full transverse extent of the CA3 layer are potentially capable of receiving input from granule cells located at the same level, distally located pyramidal cells could receive mossy fiber termination arising from granule cells located as far as 3-5 mm caudally. Mossy fibers also gave rise to collaterals that innervated the polymorphic layer of the dentate gyrus. As illustrated in Figure 6E , these collaterals had a very limited spatial distribution. With this suprapyramidally placed injection, polymorphic layer collaterals were mainly limited to the suprapyramidal tip of the dentate gyrus, although very weak labeling was also observed outside of the suprapyramidal region. These collaterals were seen only at the levels at which the mossy fibers have a transverse orientation (i.e., for about 0.7 mm). Axons within the polymorphic layer had either large mossy fiber expansions or smaller, spherical varicosities (Fig. 4) .
The pattern of projections observed in case M-04-01 was also observed in case M-10-93, which had a BDA injection at a midrostrocaudal level (Fig. 7E) . The distribution of the mossy fibers to the polymorphic layer was more widespread in this case, such that axon collaterals terminated throughout the entire transverse extent of the dentate gyrus (Fig. 7D,E) . Note again the prominent collection of transversely oriented fibers in CA3 (Fig. 7D, small arrow) and the rostrocaudally oriented fibers in the end bulb region (Fig. 7B,C , small arrows). For cases with injections at these levels, the rostrocaudal length of the mossy fibers ranged from 2.6 to 5.7 mm (Table 1) , which on average represented approximately 30% of the total rostrocaudal length of the hippocampus.
A similar pattern of mossy fiber projections was observed when the injection involved rostral levels of the dentate gyrus (Fig. 3A-C) . The injection in M-13-92 was located in the lateral aspect of the genu (Fig. 8B) . The rostrocaudal component is oriented primarily in the coronal plane (Fig. 8A) . In the cases with injections at rostral levels, the longitudinal distance of the mossy fibers ranged from 2.3 to 3.7 mm (Table 1) . We had a number of injections located at caudal levels of the dentate gyrus (Fig.  3G,H) , and again the basic pattern of projections was very similar to the more rostrally placed injections. In case M-07-03, the injection was located in the suprapyramidal blade (Fig. 9E) . The mossy fibers terminated mainly subjacent to the injection, but very weak labeling was present throughout much of the rest of the polymorphic layer (Fig.  9D,E) . Labeled mossy fibers extended for approximately 3.6 mm in the rostral direction (Fig. 9A,B) . The length of the mossy fibers along the long axis for these caudal injections ranged from 2.9 to 4.1 mm (Table 1) , which is approximately 26% of the total rostrocaudal length of the hippocampus.
Associational projections
In all injections that had some involvement of the polymorphic layer, we observed labeling of the associational projection to the inner one-third of the molecular layer (Fig. 10) . Irrespective of the rostrocaudal location of the injection, the associational projection extended for a substantial portion of the longitudinal extent of the dentate gyrus, both rostrally and caudally from the level of the injection. The caudally directed projection was more extensive and substantial than the rostrally directed component of the projection.
The injection in case M-10-93 was located at a midrostrocaudal level of the dentate gyrus (Fig. 3D) . In addition to a patch of heavily labeled dentate granule cells, the injection site also involved cells located in the polymorphic layer (Fig. 7) . The associational projection was weak or absent at the level of the injection site. However, labeled fibers were observed in the inner one-third of the molecular layer, outside the injection site at more medial or lateral positions of the same coronal section (Figs. 7E,  13B ,C). The associational projection extended, from the injection site, for approximately 5.0 mm rostrally and 7.0 mm caudally (Table 2 ). Significant labeling was thus observed throughout 82% of the full rostrocaudal extent of the dentate gyrus. Fiber and terminal labeling was denser at caudal levels (Figs. 7F,G, 13D ) than at levels rostral to the injection (Figs. 7B-D, 13A ). As the terminal field became denser at levels away from the injection site, it was also observed throughout the full transverse extent of the dentate gyrus. Although there was a progressive increase in the density of labeling as one progressed away, either rostrally or caudally, from the injection site, the density of labeling fell off at the rostral and caudal extremes of the projection zone (Fig. 7A,H) . Case M-04-01, with an injection at approximately the same rostrocaudal level as case M-10-93, demonstrated a similar pattern of projections (Fig. 6) . For injections at midrostrocaudal levels, the total The injection was located in the midrostrocaudal one-third of the dentate gyrus (asterisk in E). The numbers to the right of each panel indicate the distance, in millimeters, of the photographed section from the injection site (R and C indicate rostral and caudal to the injection site, respectively). Mossy fibers projected transversely to the CA3 field (narrow arrows in D,E) and, at the distal portion of CA3, changed direction and traveled rostrally for several millimeters (narrow arrow in B,C). The associational projection terminated in the inner one-third of the molecular layer (arrowheads) both rostral and caudal to the level of the injection. The projection was densest at levels located caudal to the injection site (F-H) compared with levels located rostrally (C, B, A) . Local projections terminated in the outer two-thirds of the molecular layer at the level of injection site (wide arrow in E). Scale bar ϭ 0.5 mm. distance of the associational projection ranged from 10.6 to 12.0 mm (Table 2) , or approximately 80% of the total length of the dentate gyrus.
Labeling of the associational projection at any particular rostrocaudal level was rather homogeneous throughout the full transverse extent of the dentate gyrus except at the level of the injection site. Labeling was not uniformly distributed, however, in the inner one-third of the molecular layer. This can be seen in the higher magnification photomicrographs from case M-10-93 (Fig. 13) . Particularly at levels far rostral from the injection site (Fig.  13A) , there was a gap just superficial to the granule cell layer that was devoid of associational projections. At these levels, the labeled terminals were densest in the outer part of the inner one-third of the molecular layer (Figs.  7A,B, 13A ).
We observed a very similar pattern of the associational projection arising from the rostral one-third of the dentate gyrus (Fig. 3A-C) . In case M-02-02 (Fig. 11) , the PHA-L injection revealed an associational projection that extended as far as the rostral end of the dentate gyrus (Fig.  11A,B) to very nearly the caudal pole (Fig. 11H) . In this case, the associational projection extended for approximately 13 mm rostrocaudally (Table 2) , or 84% of the full rostrocaudal length of the dentate gyrus. This case also demonstrated the radial differences in the terminal field at rostral or caudal levels from the injection site. As one proceeded rostrally (Fig. 11A,B) , the terminal zone left a gap above the granule cell layer that widened further at more rostral levels. At levels caudal to the injection, there was no gap above the granule cell layer, and, in contrast to what was observed rostrally, the outer portion of the inner one-third of the molecular layer became devoid of associational projections at caudal levels.
The associational projection arising from caudal levels of the dentate gyrus (Fig. 3G,H) tended to be somewhat more limited. In case M-09-03 (Fig. 12) , the BDA injection revealed associational projections that extended for approximately 3.8 mm rostrally and 2.2 mm caudally, which is approximately 44% of the full rostrocaudal length of the dentate gyrus. On average, the full length of the associational projection arising from caudal levels was approximately 6.3 mm (Table 2 ), or about 45% of the length of the dentate gyrus.
Organization of the local projections
In addition to the mossy fibers and the associational projection, local projections were observed in all cases in which the injection involved cells of the polymorphic layer. Local projections were observed to the outer two-thirds of the molecular layer; they were most dense at the level of the injection site. The local projections, however, extended well beyond the level of the injection site, although they were never as extensive as the associational projection to the inner molecular layer. For the quantitative data described below, we considered the projection to be present even if only a few fibers were observed in the outer twothirds of the molecular layer. It should be noted, however, that the density of fiber and terminal labeling tended to drop off quite rapidly as one proceeded away from the level of the injection site.
In case M-10-93, the BDA injection revealed substantial local projections to the outer two-thirds of the molecular layer (Figs. 7, 13B ). Unlike the associational projection, the density of labeled fibers and terminals decreased as one moved either rostrally or caudally from the level of the injection (Figs. 7, 13 ). In this case, the local projections extended for approximately 4.1 mm rostrally and 3.8 mm caudally (Table 3) , which is approximately 54% of the rostrocaudal length of the dentate gyrus. The rostrocaudal extent of local projections in cases with injections at midrostrocaudal levels ranged from 3.1 to 7.9 mm (mean ϭ 5.5 mm), or approximately 40% of the full rostrocaudal extent of the dentate gyrus.
Similar results were obtained in cases with rostral and caudal injections (Fig. 3A-C,G-H) . In case M-02-02 located rostrally (Fig. 11) , local projections to the outer two-thirds of the molecular layer extended for approximately 8.9 mm rostrocaudally (Table 3) , or approximately 58% of the length of the dentate gyrus. In case M-09-03 located caudally (Fig. 12) , the local projections extended for approximately 3.6 mm rostrally and 2.2 mm caudally, or approximately 42% of the full rostrocaudal extent of the dentate gyrus (Table 3) .
Retrograde tracer injections in the dentate gyrus
We placed five CTB injections into the dentate gyrus to confirm the topographical organization of the cells of origin of the associational projection in the dentate gyrus. The CTB injection in case M-04-02-L involved all layers of the suprapyramidal blade of the dentate gyrus (Fig. 14A) . The injection also involved the subjacent portion of the hilar CA3 region. For the purposes of this paper, we only plotted the distribution of retrogradely labeled cells in the polymorphic layer of the dentate gyrus (Fig. 15) . The labeled cells were distributed very widely along the rostrocaudal axis but were more substantial in sections located rostrally than caudally to the injection (Figs. 15) .
DISCUSSION
The aim of this study was to determine the topographical organization of the major connections of the macaque monkey dentate gyrus, namely, the mossy fibers, the associational projection, and the local projections. The main findings, summarized in Figures 16 and 17 , are as follows. The injection was located in the rostral portion of the dentate gyrus at the level of the genu (asterisk in B). Note that the mossy fibers are distributed through the full transverse extent of CA3 (E,F). At the distal portion of CA3, the mossy fibers travel medially toward the uncus, which corresponds to the rostrally oriented projection (A-D). Because the hippocampus curves medially (white arrows) at this level, the transverse component of the mossy fiber appears in the sections caudal to the injection and the longitudinal component appears to travel parallel to the coronal plane. Scale bar ϭ 0.5 mm.
The granule cells give rise to mossy fibers that terminate on a number of neuronal types both within the polymorphic layer of the dentate gyrus and within the CA3 field of the hippocampus. The mossy fibers travel throughout most of the transverse extent of CA3 at approximately the same rostrocaudal level as the cells of origin but with a slight rostral inclination. Once the mossy fibers reach the distal portion of CA3, they change course and travel rostrally for 3-5 mm, or about 30% of the length of the hippocampus.
Mossy cells in the polymorphic layer give rise to the associational projection, which terminates in the inner one-third of the molecular layer and extends widely both rostrally and caudally from the cells of origin. The associational projection is very meager at the level of the injection site, except at a distance away from the injection The injection is located in the caudal one-third of the dentate gyrus (asterisk in E). Note that the mossy fibers travel throughout the entire transverse extent of CA3 (C-E) and travel rostrally at the end bulb region of distal CA3 (B). Scale bar ϭ 0.5 mm.
site along the transverse axis of the dentate gyrus, but is very prominent at levels rostral and caudal to the injection site. The associational projection from the rostral and middle portions of the dentate gyrus extends for as much as 80% of the full rostrocaudal extent of the dentate gyrus. The caudally directed projection is always more extensive and denser than the rostrally directed projection.
Cells in the polymorphic layer also give rise to so-called local projections to the outer two-thirds of the molecular layer. These local projections are most dense at the level of the cells of origin and extend for about 45% of the full rostrocaudal length of the dentate gyrus.
In the discussion that follows, we compare our findings on the topographical organization of the major connections of the monkey dentate gyrus with that previously described in rats. We conclude with a discussion of the functional implications of the topographical organization of these connections for the kind of information processing carried out by the dentate gyrus.
Mossy fibers
The topographical organization of the mossy fiber pathway in monkeys described in this study is largely consistent with that previously described for rodents (Blackstad et al., 1970; Gaarskjaer, 1978 Gaarskjaer, , 1981 Swanson et al., 1978; Amaral, 1979; Amaral and Dent, 1981; Claiborne et al., 1986; Amaral and Witter, 1989; Acsady et al., 1998; Seress et al., 2001; Buckmaster et al., 2002) and in humans (Lim et al., 1997) . In monkeys, the mossy fibers first travel through the full transverse extent of the CA3 field of the hippocampus at approximately the same rostrocaudal level as the cells of origin but with a slight rostral inclination. Once they reach the distal portion of CA3, they change direction and extend for 3-5 mm toward the rostral pole of the hippocampus, or about 30% of the length of the monkey hippocampus. In rats, the mossy fibers also travel transversely through CA3 at approximately the same septotemporal level as the cells of origin, before extending for about 2 mm toward the temporal pole of the hippocampus, or about 20% of the length of the rat hippocampus. Note that the rostral portion of the monkey hippocampus corresponds to the temporal portion of the rat hippocampus.
In a unique study on the neuroanatomy of the human mossy fibers, Lim et al. (1997) found that the mossy fibers extend through the entire transverse extent of the CA3 pyramidal cell layer, as we have observed in the macaque monkey. Interestingly, they note that the mossy fibers are not oriented parallel to a single 800-m. This is again consistent with our findings that in the monkey the mossy fibers have a slight rostral inclination through most of their transverse trajectory and then turn abruptly at the CA3/CA2 border to travel rostrally for several millimeters.
In contrast to the rat mossy fibers, the monkey mossy fibers do not travel in clearly defined suprapyramidal, intrapyramidal, and infrapyramidal bundles within CA3. Instead, the monkey mossy fibers appear to be completely interdigitated with the CA3 pyramidal cells. Fibers that are initially located deep to the pyramidal cell layer ascend through the pyramidal cell layer and travel to the distal portion of CA3 in a position superficial to the pyramidal cell layer. After the fibers complete their transverse trajectory, they turn and continue rostrally in the end bulb region. These species differences could simply reflect the fact that the monkey CA3 pyramidal cell layer is much wider and less well defined than that of the rat, especially in its proximal portion. The morphology of the monkey mossy fibers and terminals observed in this study was similar to that observed in rats (Claiborne et al., 1986) , suggesting that the synaptic contacts between mossy fibers and CA3 pyramidal cells are largely similar between rodents and primates.
In rats, the mossy fibers terminate with specialized large presynaptic terminals on the proximal dendrites of mossy cells in the polymorphic layer and on the proximal dendrites of the pyramidal cells of the CA3 region of the hippocampus (Blackstad et al., 1970; Amaral, 1978 Amaral, , 1979 Gaarskjaer, 1978 Gaarskjaer, , 1981 Amaral and Dent, 1981; Ribak et al., 1985; Claiborne et al., 1986; Frotscher et al., 1991; Acsady et al., 1998) . Mossy fibers also have thinner collaterals that give rise to typically sized presynaptic boutons, and these terminate preferentially on GABAergic Fig. 10 . Overview of the associational projections. A: Nissl-stained coronal section of the dentate gyrus and hippocampus. B: Darkfield photomicrograph of a section adjacent to the one in A showing PHA-L-labeled associational projections (case M-02-02). This section is 3.4 mm caudal to the injection site. Note that the associational projection terminates in the inner one-third of the molecular layer of the dentate gyrus. The strong projection is present throughout the entire transverse extent of the dentate gyrus (see text for details). Scale bar ϭ 1 mm.
neurons in the polymorphic layer and CA3 region (Amaral, 1979; Frotscher, 1989; Acsady et al., 1998; Seress et al., 2001 ). We observed large mossy fiber expansions both in the polymorphic layer and in the CA3 region. In addition, smaller spherical varicosities were observed in the polymorphic layer and at the tips of thin filipodia that extend from the mossy fiber expansions. Our data are consistent with previous research (Frotscher et al., 1991; Seress, 2007) demonstrating that the distinctive thorny excrescences located on the proximal dendrites of mossy cells receive large mossy fiber terminals both in rodents and in primates, including humans. Thus, in all major characteristics, the mossy fibers that we observed in the macaque monkey resemble those that have been described for the rodent brain.
Associational projection
The topographical organization of the associational projection of the monkey dentate gyrus described here is also largely consistent with that previously described in rats (Blackstad, 1956; Zimmer, 1971; Fricke and Cowan, 1978; Swanson et al., 1978 Swanson et al., , 1981 Laurberg, 1979; Laurberg and Sorensen, 1981; Buckmaster et al., 1992 Buckmaster et al., , 1996 . In rats, the associational projection originates primarily from mossy cells and innervates the inner one-third of the molecular layer. Autoradiographic studies in rats demonstrated that the peak density of the labeled axons and terminals of the associational projection is located in the inner one-third of the molecular layer (Fricke and Cowan, 1978; Kishi et al., 1980) . As in the monkey, the associational connection terminates in a very modest way at the septotemporal level of origin and terminates with increasing density at progressively greater distances along the long axis . In rats, injections in the middle septotemporal (rostrocaudal in the monkey) one-third of the dentate gyrus give rise to associational projections that are most extensively distributed along the septotemporal axis. Temporal injections, in contrast, produce projections that are restricted to the temporal portion of the dentate gyrus (Fricke and Cowan, 1978; Swanson et al., 1978) . The monkey associational projection originates from mossy cells in the polymorphic layer (Buckmaster and Amaral, 2001 ) and terminates in the inner one-third of the molecular layer. This projection is virtually absent close to the cells of origin (Ͻ1-2 mm along the transverse or longitudinal axes of the dentate gyrus) but distributes widely, rostrally and caudally, to cover about 80% of the entire rostrocaudal length of the monkey dentate gyrus. In rats, the associational projection reaches about 75% of the length of the dentate gyrus .
In rodents, mossy cells have asymmetric synaptic contacts with mossy fibers (Amaral, 1978; Ribak et al., 1985; Frotscher et al., 1991; Blasco-Ibanez and Freund, 1997) and send axonal projections to the dendrites of the granule cells that also terminate with asymmetric synaptic contacts (Buckmaster et al., 1992 (Buckmaster et al., , 1996 Blasco-Ibanez and Freund, 1997; Wenzel et al., 1997) . These neuroanatomical findings have been validated through electrophysiological studies. The mossy cells receive inputs from granule cells and innervate interneurons in the polymorphic layer (Scharfman et al., 1990; Scharfman, 1995) and provide excitatory feedback projections to distant granule cells (Jackson and Scharfman, 1996) . Thus, the associational projection constitutes an excitatory feedback circuit with granule cells that are distant from those contacting the mossy cells receiving the associational projection.
Local projections
The topographical organization of the so-called local projections of the monkey dentate gyrus described in this study is also largely consistent with that previously described in rodents (Bakst et al., 1986; Amaral and Witter, 1989; Leranth et al., 1990; Han et al., 1993; Buckmaster and Schwartzkroin, 1995; Sik et al., 1997; Buckmaster et al., 2002) . Cells in the polymorphic layer give rise to projections to the outer two-thirds of the molecular layer. These projections were densest at the level of the cells of origin, and heavy labeling decreased greatly within approximately 1.5-2 mm rostrally and caudally to the cells of origin. Nevertheless, more meager local projections extended for about 45% of the full rostrocaudal length of the dentate gyrus. At least some of these fibers have been shown to be immunoreactive for GABA and somatostatin in rats (Bakst et al., 1986) , monkeys (Bakst et al., 1985) , and humans (Amaral et al., 1988) . In rats, the GABA/somatostatin projection also terminates most heavily around the level of the cells of origin, and termination rapidly decreases within approximately 1.5 mm septally and temporally to the cells of origin. In rats, the somatostatin-immunoreactive cells in the polymorphic layer that give rise to the local projections are contacted by mossy fiber termi- The injection was located in the rostral one-third of the dentate gyrus (asterisk in B). Note that the associational projection travels throughout almost the full rostrocaudal extent of the hippocampus (arrowheads). Scale bar ϭ 0.5 mm.
nals (Leranth et al., 1990) and form inhibitory synaptic contacts with the granule cell dendrites at the level near their origin (Bakst et al., 1986; Amaral and Witter, 1989; Leranth et al., 1990; Buckmaster and Schwartzkroin, 1995; Katona et al., 1999; Buckmaster et al., 2002) . Thus, the local projections constitute an inhibitory feedback circuit to the granule cells within a relatively restricted region of the dentate gyrus.
Functional considerations
The topographical organization of the major connections of the monkey dentate gyrus has very strong implications for the functional processes carried out by this brain region. In particular, the topographical organization of these circuits along the long axis of the hippocampus dictates how different types of information reaching various rostrocaudal levels of the dentate gyrus can be integrated. We have previously emphasized that the network of intrinsic connections of the hippocampal formation is organized in three dimensions. The longitudinal component of the network is every bit as substantial as the transverse or "lamellar" component . Although the neuroanatomical validity of this concept has been demonstrated on numerous occasions, the physiological interpretation of the neuroanatomy remains to be clarified (Andersen et al., 2000) . Nonetheless, there is substantial electrophysiological data available indicating that the intrinsic circuitry of the hippocampal formation supports longitudinal distribution of information both within the dentate gyrus (Hetherington et al., 1994; Sloviter and Brisman, 1995; Zappone and Sloviter, 2004) and from the entorhinal cortex to other fields of the hippocampal formation (Bartesaghi et al., 1983; Pare and Llinas, 1994) . Indeed, we have previously shown both in the rat (Dolorfo and Amaral, 1998) and in the macaque monkey Witter and Amaral, 1991) that different portions of the entorhinal cortex project to different regions of the dentate gyrus. In the monkey, the medial portion of the entorhinal cortex projects to the rostral dentate gyrus; the midmediolateral portion of the entorhinal cortex projects to midrostrocaudal dentate gyrus; and the lateral portion of the entorhinal cortex projects to the caudal dentate gyrus. Consequently, the mossy fibers, the associational projection, and the local projections will contribute in very different ways to the further distribution of these inputs along the rostrocaudal axis of the dentate gyrus.
We have confirmed in the monkey that the granule cells of the dentate gyrus originate the mossy fibers, which project first to a very restricted portion of the polymorphic layer and then along the transverse axis of the CA3 field of the hippocampus. In the polymorphic layer, the mossy fibers establish asymmetric (excitatory) contacts with mossy cells located very close to the cells of origin (Ribak et al., 1985; Frotscher et al., 1991; Blasco-Ibanez and Freund, 1997) . This projection is also restricted along the transverse axis of the dentate gyrus, and mossy fibers originating in the infrapyramidal blade of the dentate gyrus have a lower probability of contacting mossy cells subjacent to the suprapyramidal blade, or vice versa. The mossy fiber projection toward the CA3 pyramidal cells first follows a transverse trajectory with a slight rostral inclination that does not exceed 1 mm, or about 5% of the entire rostrocaudal length of the hippocampus. After reaching the distal end of CA3, the mossy fibers turn rostrally and travel for about 30% of the entire length of the hippocampus. Consequently, the pyramidal cells located in the proximal and middle portions of CA3 receive mossy fiber input from only a very restricted region of the dentate gyrus located at the same rostrocaudal level. In contrast, the pyramidal cells located in the distal portion of CA3 receive mossy fiber inputs from granule cells both from their own rostrocaudal level and from granule cells located as far caudally as one-third of the entire length of the dentate gyrus. This portion of the mossy fiber projection appears to be almost entirely ignored in functional analyses of the hippocampal formation, although it has been known for many decades (Lorente de Nó, 1934; Kilmer and McLardy, 1970) . Consequently, there is a very strong directionality, from caudal to rostral, in the transfer of whatever information is carried by the mossy fibers. Moreover, this information is transmitted only to the pyramidal neurons located in the distal portion of CA3 and not to the pyramidal neurons located in the proximal and mid portion of CA3. The topography of the mossy fiber projections along the long axis of the hippocampus therefore suggests the existence of functionally distinct domains along the transverse axis of CA3.
The mossy cells located in the polymorphic layer originate the associational projection to the inner one-third of the molecular layer. Mossy cells establish asymmetric (excitatory) synaptic contacts with the proximal portion of the dendrites of the dentate granule cells located at a distance from the cells of origin to cover more than 80% of the entire rostrocaudal length of the dentate gyrus. Interestingly, the projection directed caudally is stronger than the projection directed rostrally. Although this asymmetry is clearly not as pronounced as for the mossy fiber projections, it suggests some directionality in the transfer of information from rostral to caudal through the associational projection. Inputs reaching any particular level of the dentate gyrus will exert a feed-forward excitatory influence over much of the long axis of the dentate gyrus. However, inputs reaching the rostral portion of the dentate gyrus will have a greater excitatory influence over the caudal portion of the dentate Fig. 12 . A-F: Darkfield photomicrographs of coronal sections of the dentate gyrus, arranged from rostral (A) to caudal (F), showing the distribution of BDA-labeled fibers and terminals in case M-09-03-R. The injection was located in the caudal portion of the dentate gyrus (asterisk in E). Note that the mossy fibers are visible rostral to the injection site (arrows), whereas the associational projections travel both rostrally and caudally (arrowheads). Scale bar ϭ 0.5 mm. Figure 7 (A corresponds to the rectangle in Fig.  7B ; B and C correspond to the rectangles in Fig. 7E ; D corresponds to the rectangle in Fig. 7G ). Note that the associational projection heavily innervates the inner one-third of the molecular layer away from the injection site (A,D) . In contrast, the local projections terminate more densely in the outer two-thirds of the molecular layer and closer to the injection site (B). Scale bar ϭ 0.25 mm. gyrus than inputs reaching the caudal portion of the dentate gyrus will have over the rostral portion of the dentate gyrus. Although we infer that the synaptic effect would be excitatory, it may well be that the monosynaptic excitatory input is onto both excitatory and inhibitory neurons. Thus, the net effect may actually be inhibitory on granule cell activity at distant levels (Zappone and Sloviter, 2004) . In fact, the axons of the mossy cells were shown to contact GABAergic interneurons in the polymorphic layer as well as dendrites of the granule cells (Scharfman et al., 1990; Wenzel et al., 1997) . The existence of such an extensive network of associational connections raises some interesting questions regarding the origin of functional domains that are believed to exist along the longitudinal axis of the hippocampus (Colombo et al., 1998; Moser and Moser, 1998; Small, 2002; Bannerman et al., 2004; Daselaar et al., 2006; Strange and Dolan, 2006; Chua et al., 2007) . Indeed, the organization of the intrinsic connectivity of the dentate gyrus suggests an increased integration of information rather than a segregation of function within the hippocampal circuit (Lavenex and Amaral, 2000) . Previous anatomical studies in rats indicate that cells of the polymorphic layer also give rise to a prominent commissural projection that terminates in the inner portion of the contralateral molecular layer (Blackstad, 1956; Hjorth-Simonsen and Laurberg, 1977; Laurberg, 1979; Laurberg and Sorensen, 1981; Swanson et al., 1981; Deller et al., 1996) . In the monkey, the commissural connection is present only in the rostral portion of the dentate gyrus (Amaral et al., 1984; Demeter et al., 1985) . This finding suggests that a very limited interaction between the left and the right hippocampi could further support hemispheric specialization in the primate brain (Milner, 1970) . Although we have not observed any difference in the neuroanatomical organization of the left and right hippocampi, cortical inputs from specialized areas in the two hemispheres could be treated independently by the right and left hippocampi in primates.
Other cells in the polymorphic layer of the dentate gyrus originate the so-called local projections to the outer twothirds of the molecular layer. These cells establish symmetric (inhibitory) synaptic contacts with the distal portion of the dendrites of the granule cells located relatively close to the cells of origin. These projections are heaviest in a zone covering about 20% of the length of the dentate gyrus, although additional lighter projections cover as much as 45% of the entire length of the dentate gyrus. This inhibitory feedback circuit has the potential to reduce the excitability of granule cells within a relatively restricted region of the dentate gyrus and therefore permits the induction of a sparser coding of information within the dentate gyrus (Acsady and Kali, 2007) . Specific sparse coding of information is believed to be fundamental for the purported role of the dentate gyrus in the process of pattern separation (Chawla et al., 2005; Rolls and Kesner, 2006) . Fig. 16 . Summary diagram of the mossy fibers (A), associational projection (B), and local projections (C) along the rostrocaudal axis of the dentate gyrus and hippocampus. The injection site is represented by a circle. The rostrocaudal extent of each projection is shown by an arrow. Each projection is illustrated originating from the rostral, middle, and caudal levels of the dentate gyrus. A: The shaded area indicates the transverse component of the mossy fiber projections. Note that, irrespective of the rostrocaudal level of the injection, the mossy fibers always travel for 3-5 mm in the rostral direction within distal CA3, or about 33% of the full length of the hippocampus. The associational projection always extends widely both rostrally and caudally. Projections originating from the mid-and rostral portions of the dentate gyrus extend for about 80% of the rostrocaudal extent of the dentate gyrus. Associational projections originating in the caudal one-third of the dentate gyrus are more restricted in their rostrocaudal extent and cover about 45% of the length of the dentate gyrus. The local projections also extend for about 45% of the full length of the dentate gyrus and are therefore less extensive than the associational projection. Fig. 17 . Summary diagram showing the topographical organization of the major connections of the dentate gyrus, including the mossy fibers (green), associational projections (red), and local projections (blue). Note that each projection has an extensive distribution along the longitudinal axis. The mossy fibers travel transversely, but slightly rostrally, in the proximal and middle portions of CA3 and, at the distal portion of CA3, change direction and travel rostrally for 3-5 mm. The associational projection travels widely both rostrally and caudally, terminating in the inner one-third of the molecular layer. The projection is absent or weak near the injection and is dense outside the injection. In contrast, the local projections to the outer two-thirds of the molecular layer are denser near the injection site.
